OPTICAL TRANSMITTER INCLUDING A LINEAR 
SEMICONDUCTOR OPTICAL AMPLIFIER 

Inventor: Jeffrey D. Walker 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. § 1 19(e) to U.S. Provisional Patent 
Application Serial No. 60/274,407, "Optical Transmitter Including a Linear Semiconductor 
Optical Amplifier," by Jeffrey D. Walker, filed March 9, 2001; and U.S. Provisional Patent 
Application Serial No. 60/255,753, "Optical Devices including a Semiconductor Optical 
Amplifier," by Jeffrey D. Walker et aL, filed Dec. 14, 2000. 

[0002] This application is a continuation-in-part of pending U.S. Patent Application Serial 
No. xx/xxxxxx , "Integrated Optical Device Including a Vertical Lasing Semiconductor Optical 
Amplifier," by Jeffrey D. Walker et aL, filed Dec. 11, 2001. 

[0003] The subject matter of all of the foregoing is incorporated herein by reference in 
their entirety. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

[0004] This invention relates generally to optical transmitters. More particularly, it relates 
to vertically lasing semiconductor optical amplifiers (VLSOAs) used in combination with a laser 
source and/or a modulator to create an improved optical transmitter. 
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2. Description of the Related Art 

[0005] Today, optical systems are used to transmit information at high speeds over large 
distances. At a high level, a typical optical system consists of an optical transmitter, an optical 
receiver and an optical fiber connecting the two. The optical transmitter converts an electrical 
signal containing data into an optical signal and transmits the signal over the optical fiber. The 
optical receiver then receives the signal from the optical fiber and converts the signal back to an 
electrical signal, recovering the original data. 

[0006] Semiconductor lasers are the most widely utilized light source used in transmitters 
for optical communications systems. The lasers produce a beam of light which is modulated 
with the data to be transmitted across the optical system. On-off keying is a common modulation 

scheme used to impress the data onto the optical beam. On-off keying, as well as other types of 

Q 

U modulation, can be applied to the optical beam in two basic ways. The first way is direct 

SI 

yj modulation of the laser. In this case, the optical beam generated by the source is modulated by 



Mi 



varying the current driving the laser source. The second way is external modulation, in which 
the laser source produces an unmodulated optical beam, which is then modulated by a device 
external to the laser source (i.e., the external modulator). 

[0007] One problem with direct modulation, particularly in the case of on-off keying, is 
that direct modulation can result in frequency chirp. For example, in the case of on-off keying, 
turning the laser source on and off results in a light pulse that is chirped meaning that the 
frequency of the light drifts over the length of the pulse. This occurs because the injected carrier 
density in the laser does not remain constant and thus the frequency of the light pulse output by 
the laser varies over time. The chirped light pulse has a broader frequency spectrum and 
therefore is more susceptible to pulse broadening due to dispersion as the light pulse travels 
across the fiber. 
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[0008] Pulse broadening that results from chirping is especially problematic for optical 
systems that operate at high speeds and/or over long distances. For this reason, direct 
modulation currently is not favored for optical systems operating at bit rates greater than 5 Gbps 
regardless of length, optical systems greater than 160 kilometers (km) in length operating at bit 
rates of 2 Gbps or higher, and optical systems greater than 320 km in length operating at bit rates 
of 1 Gbps or higher. 

[0009] One way to essentially avoid the chirping problem is by using external modulators 
to impose the data onto the optical beam. By placing an external modulator after the laser source 
to provide the modulation, the laser source is driven by a constant injection current and therefore 
produces light at a constant frequency (i.e., without chirp). When the modulator imposes the 
data onto the light, the output light pulse has very low chirp since the light input into the external 
modulator has a constant frequency and external modulators generally introduce very little chirp. 
For this reason, external modulators are used for dispersion sensitive systems (i.e., at higher data 
rates and longer distances). Examples of external modulators that are often used in optical 
systems include lithium niobate (LiNbOs) modulators and electro-absorption modulators (EAM). 

[0010] A common optical transmitter used today is an electro-absorption modulated laser 
(EML). An EML is an integrated source. Typically, an EML consists of a distributed feedback 
(DFB) or distributed Bragg reflection (DBR) type laser integrated with an external electro- 
absorption modulator (EAM). These devices also generally include a conventional 
semiconductor optical amplifier (SOA) integrated between the EAM and the laser source. The 
SOA is used to amplify the light output by the DFB or DBR laser prior to being modulated by 
the EAM. 

[0011] SOAs are non-lasing optical amplifiers that contain a semiconductor active region. 
An electrical cuirent is typically used to pump the electronic population in the active region. As 
an optical signal propagates through the active region it experiences gain due to the stimulated 
emission. One problem with non-lasing semiconductor optical amplifiers is that the gain 
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depends on the amplitude of the optical signal. This problem is the result of gain saturation, in 
which there are insufficient carriers in the conduction band to provide the full amount of gain to 
higher power signals. As a result, a strong optical signal will be amplified less than a weak 
signal and strong portions of the optical signal will be amplified less than weak portions. This 
non-linear gain results in distortion of the optical signal and crosstalk between different optical 
signals propagating simultaneously through the system, significantly limiting the attractiveness 
of SOAs. The non-linear gain also introduces chirp. 

[0012] EMLs are currently widely used in medium to long haul fiber-optic systems. 
Typically, EMLs are used in optical systems operating at bit rates around 1 billion bits per 
second (Gbps) over about 320 kilometers (km), bit rates around 2.5 Gbps over about 160 to 640 
km, or bit rates around 10 Gbps over distances less than 80 km. Below this performance 
envelope, a laser source that is directly modulated can be used in place of an EML because such 
applications are not as susceptible to dispersion and chirp. Above this envelope however, an 
external lithium niobate (LiNC>3 modulator) typically is used to reduce dispersion and chirp, 
which is a limiting factor in optical systems operating above these ranges. 

[0013] EML sources currently have two major limitations which limit their performance. 
First, the maximum output power of the EML is limited to approximately 1 mW. The DFB and 
DBR lasers have limited output power. This power can be boosted to approximately 10 mW by 
integrating an SOA between the laser source and the EAM. However, the EAM has 
approximately lOdB of loss associated with it. Therefore, the output power of the 
EML+SOA+EAM combination is limited to approximately lmW. This output cannot be 
amplified further by a second SOA integrated after the EAM because the second SOA would 
introduce TDM crosstalk (intersymbol interference) in the modulated optical signal. Thus, 
EMLs are currently limited to a maximum output power of approximately lmW. 

[0014] The second limitation of the EML is that it is limited to a single laser source 
integrated on a chip. To produce a wavelength division multiplexed (WDM) optical signal using 
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EML sources, a separate EML would be used to generate each wavelength channel Then, the 
individual channels would be combined using a waveguide coupler or wavelength division 
multiplexer into a single WDM optical signal. However, waveguide couplers and wavelength 
division multiplexers have high losses associated with them. Since the output power of the 
EMLs is already limited, the loss introduced by these devices makes this combination 
impractical. In addition, an SOA cannot be integrated after the waveguide coupler or wavelength 
division multiplexer due to the TDM and WDM crosstalk that the SOA would introduce into the 
optical signal. 

[0015] What is needed is a small and inexpensive optical transmitter that can produce high 
speed, high power optical signals that can be used in single wavelength, time division 
multiplexed and wavelength division multiplexed optical signals. 



SUMMARY OF THE INVENTION 

[0016] An improved optical transmitter includes a vertically lasing semiconductor optical 
amplifier (VLSOA) coupled, either directly or indirectly (including intervening elements such as 
detectors), to a laser source and/or a modulator. The VLSOA includes a semiconductor active 
region and a vertical laser cavity. An amplifying path traverses the semiconductor active region 
and the vertical laser cavity includes the semiconductor active region. Optical signals are 
amplified as they propagate along the amplifying path. The laser cavity is pumped above a 
lasing threshold, thereby clamping the gain along the amplifying path to a substantially constant 
value. The linear gain characteristics of the VLSOA result in an optical transmitter that produces 
a high power optical signal with substantially less distortion, crosstalk and chirp. Another 
advantage is the ability to integrate the VLSOA with the modulator and/or laser source. 

[0017] In one implementation, the VLSOA is coupled directly to the laser source and/or 
modulator. In another implementation, the couplings are achieved by optical fibers, optical 
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waveguides, free space optics or other passive elements. In yet another implementation, there 
are more complex elements (e.g., filters, additional amplifiers, isolators) located between the 
VLSOA and the laser source and/or modulator. The laser source and modulator themselves can 
also be complex or include multiple elements. 

[0018] In one embodiment, an optical transmitter includes multiple laser sources and 
external modulators, which are coupled by an optical coupler (e.g., a waveguide coupler or a 
wavelength division multiplexer) to a VLSOA. In this embodiment, each laser source produces 
an optical carrier at a different wavelength which is modulated by a corresponding modulator. 
The optical coupler combines the plurality of different wavelength optical signals into a single 
wavelength division multiplexed optical signal, which is amplified by the VLSOA. In one 
variation, additional amplifiers (VLSOA or other) are located in each arm to amplify each 
individual channel before combining by the optical coupler. 

[0019] In another aspect of the invention, the laser source, external modulator and VLSOA 
are integrated onto a common substrate. In one implementation, the active region of the laser 
source transitions into the active region of the external modulator which transitions into the 
active region of the VLSOA. The active regions of the laser source, modulator and VLSOA may 
be fabricated based on a common structure which is altered so that the active regions have 
different transition energies. 

[0020] In another embodiment of the invention, an external modulator and a VLSOA are 
integrated on a common substrate to create an improved external modulator. External 
modulators can have a high loss associated with them. By integrating a VLSOA with the 
external modulator, the VLSOA can amplify the modulated optical signal to make up for the loss 
introduced by the external modulator. This combination essentially results in a lossless, 
integrated external modulator. 
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[0021] The present invention is advantageous because the linear gain characteristics of the 
VLSOA significantly reduce WDM and TDM crosstalk when amplifying optical signals. As a 
result, VLSOAs can be used to amplify optical signals which have been modulated at high data 
rates and/or which contain multiple channels located at different wavelengths. The resulting 
optical transmitter can provide a high power optical signal with low distortion and crosstalk. The 
present invention is also advantageous because the integration of a laser source, external 
modulator and VLSOA on a common substrate supports the building of integrated optical 
circuits. This, in turn, will accelerate the adoption and development of optical technologies. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a block diagram of an optical transmitter according to the invention. 

[0023] FIG. 2 is a block diagram of an integrated WDM transmitter according to the 
invention. 

[0024] FIGS. 3A-C are a perspective view, transverse cross-sectional view, and a 
longitudinal cross-sectional view of one embodiment of a vertically lasing semiconductor optical 
amplifier (VLSOA) 500. 

[0025] FIG. 4 is a longitudinal cross-sectional view of an example integrated optical 
transmitter 400 which includes a VLSOA 500 coupled directly to a modulator 420 which is 
directly coupled to a laser source 410. 

[0026] FIG. 5 is a longitudinal cross-sectional view of an example integrated external 
modulator 600 which includes a VLSOA 500 coupled directly to a modulator 420. 

[0027] FIG. 6 is a longitudinal cross-sectional view of an example integrated optical 
transmitter 700 which includes a VLSOA 500 coupled directly to a laser source 410. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



[0028] FIGS. 1 and 2 are block diagrams of example optical transmitters according to the 
present invention. Each of FIGS. 1 and 2 depicts a VLSOA in combination with some other 
optical element. In some embodiments, these combinations are implemented as combinations of 
discrete devices, which may be also packaged separately or which may be combined into a single 
package. For example, in one embodiment of FIG, 1, each of the VLSOA 1 10, electro- 
absorption modulator (EAM) 120 and laser source 140 is a separate discrete device, and they are 
coupled together by optical fibers 130. In a preferred embodiment, the combinations shown in 
FIGS. 1 and 2 are implemented as integrated optics, in which multiple optical elements are 
integrated onto a common substrate. Applying this approach to FIG. 1, VLSOA 110, EAM 120 
and laser source 140 are integrated onto a common substrate to make a single chip transmitter. 
The integrated and discrete approaches may be combined to form hybrid versions. For example, 
in FIG. 1, the laser source 140 and EAM 120 may be integrated as an EML, with the VLSOA 
110 coupled to the EML via fiber 130. 

[0029] FIG. 1 is a block diagram of VLSOA 1 10 in combination with a laser source 140 
and an EAM 120. In one embodiment, laser source 140 is coupled to EAM 120 and EAM 120 is 
further coupled to VLSOA 110. The devices can be coupled using optical fibers 130 as 
illustrated in FIG. 1, by other types of guided wave structures, by free space optics (e.g., a lens) 
or other optics, or can be integrated with each other. 

[0030] Laser source 140 generates an optical carrier, which is passed to EAM 120. EAM 
120 modulates the optical carrier, for example through on-off keying, to impress the data on the 
optical signal. The modulated optical signal is received by VLSOA 110, where it is amplified. 
Examples of laser sources that can be used in the present invention include DBR lasers including 
sampled grating DBR lasers, DFB lasers, tunable or wavelength selectable lasers, vertical cavity 
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lasers, laser arrays (including those which are waveguide coupled) and Fabry Perot lasers. The 
laser source 410 can be complex or include multiple elements. For example, laser source 410 
may have many sections, thus allowing control (and possibly also monitoring) of wavelength and 
output power. In one embodiment, the laser source 410 includes the following sections: a 
grating, a gain section, a tuning section to select the wavelength of the laser source 410, a second 
grating (the two gratings define the laser cavity), a conventional SOA to amplify the laser output 
and detectors located before and after the SOA in order to monitor the laser output. The 
invention is not limited to the laser sources listed above. 

[0031] In addition, the invention is not limited to electroabsorption modulators. Examples 
of other modulators include lithium niobate modulators and other types of Mach Zender, 
interferometric or absorptive modulators. The modulators may also be complex. In another 
embodiment, the laser source is directly modulated so that a separate external modulator is not 
required. The term "modulated source" will be used to refer to devices that can produce a 
modulated optical signal. This includes both internally modulated laser sources as well as 
unmodulated laser sources in combination with external modulators. 

[0032] In a preferred embodiment, laser source 140, EAM 120 and VLSOA 1 10 are 
implemented as a single integrated device. This results in a smaller, more reliable device. In one 
embodiment, the components 140, 120 and 1 10 are directly coupled to each other (e.g., the 
waveguided region of one component couples directly to the waveguided region of the next 
component). In an alternate embodiment, waveguides are used to couple the components to each 
other. Integrating the components together is further discussed herein. 

[0033] FIG. 2 is a block diagram of an optical transmitter that produces a wavelength 
division multiplexed optical signal. In this example, the multi-wavelength signal is generated by 
a combination of a plurality of laser sources 140A-N, a plurality of EAMs 120A-N, a plurality of 
VLSOAs 1 10A-N and an optical coupler 210. In this embodiment, each laser source 140 is 
coupled to a respective EAM 120, which in turn is coupled to a respective VLSOA 110. The 
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VLSOAs 1 10A-N are coupled to the optical coupler 210, which in this example is a waveguide 
coupler. The output of waveguide coupler 210 is coupled to VLSOA 115. As with FIG. 1, the 
combination shown in FIG.2 may be implemented as discrete devices coupled together by optical 
fibers, as an integrated device, or as a partly discrete and partly integrated device. For example, 
in one hybrid embodiment, the waveguide coupler 210 is integrated with VLSOA 1 15 as a 
discrete package; each set of laser source 140, EAM 120 and VLSOA 1 10 is integrated as a 
separate package; and the various packages are coupled together by optical fibers or free space 
optics. 

[0034] The device illustrated in FIG. 2 operates in the following way. Each laser source 
140A-N produces an optical signal which is passed to its respective EAM 120A-N. Each laser 
source is configured such that each optical signal output by laser sources 140A-N has a different 
wavelength. Each EAM 120A-N modulates the optical signal output by the corresponding laser 
source 140A-N, for example using on-off keying, to impress data onto the optical carrier. Each 
modulated optical signal is passed to its respective VLSOA 110, where it is amplified. 
Waveguide coupler 210 receives the plurality of optical signals from VLSOAs 1 10A-N and 
combines the plurality of different wavelength optical signals into a single WDM optical signal 
which is output to VLSOA 1 15. VLSOA 115 amplifies the WDM optical signal. In an 
alternative embodiment, a wavelength division multiplexer or other type of combiner could be 
used in the location of waveguide coupler 210. In one embodiment, the gain of each VLSOA 
110 may be set independently so that, for example, the power of the optical signals can be 
balanced prior to being combined in waveguide coupler 210. As the WDM optical signal 
propagates through the active region of VLSOA 1 15, all of the WDM channels in the multi- 
wavelength optical signals are amplified. 

[0035] Conventional SOAs generally are not well suited to amplifying multi-wavelength 
data communication signals because the crosstalk between the different wavelength signals 
unacceptably degrades the optical signals. In addition, conventional SOAs do not amplify high 
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speed Gbps single wavelength optical signals well either, due to intersymbol interference. As a 
result, conventional SOAs generally are not suitable replacements for the VLSOAs 1 10 and 115 
in FIG. 2. By contrast, VLSOAs do not have the crosstalk problems that are inherent in non- 
lasing SOAs. The gain in a VLSOA is clamped to a constant value by the lasing cavity, 
therefore, the entire optical signal experiences the same gain as it propagates through the active 
region of the VLSOA. Because of the linear gain characteristics of the VLSOA, crosstalk and 
distortion in the optical signal are significantly reduced when an optical signal is amplified by 
the VLSOA as opposed to a non-lasing SOA. For this reason, the VLSOA can simultaneously 
amplify multiple wavelengths of a WDM optical signal in a single amplifier. In addition, the 
lifetime of carriers in the VLSOA active region is shorter than those in SOAs due to stimulated 
emission. Thus, VLSOAs are faster and can amplify TDM optical signals at bit rates up to and 
beyond 40 Gbps without significant intersymbol interference (TDM crosstalk). 

[0036] FIGS. 3A-3C are a perspective view, transverse cross-section, and longitudinal 
cross-section, respectively, of one embodiment of VLSOA 500 according to the present 
invention, with FIG. 3B showing the most detail. 

[0037] Referring to FIG. 3B and working from bottom to top in the vertical direction (i.e., 
working away from the substrate 502), VLSOA 500 includes a bottom mirror 508, bottom 
cladding layer 505, active region 504, top cladding layer 507, confinement layer 519, and a top 
mirror 506. The bottom cladding layer 505, active region 504, top cladding layer 507, and 
confinement layer 519 are in electrical contact with each other and may be in direct physical 
contact as well. An optional delta doping layer 518 is located between the top cladding layer 507 
and confinement layer 519. The confinement layer 519 includes a confinement structure 509, 
which forms aperture 515. The VLSOA 500 also includes an electrical contact 510 located 
above the confinement structure 509, and a second electrical contact 511 formed on the bottom 
side of substrate 502. 
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[0038] VLSOA 500 is a vertical lasing semiconductor optical amplifier since the laser 
cavity 540 is a vertical laser cavity. That is, it is oriented vertically with respect to the 
amplifying path 530 and substrate 502. The VLSOA 500 preferably is long in the longitudinal 
direction, allowing for a long amplifying path 530 and, therefore, more amplification. The entire 
VLSOA 500 is an integral structure formed on a single substrate 502 and may be integrated with 
other optical elements. In most cases, optical elements which are coupled directly to VLSOA 
500 will be coupled to the amplifying path 530 within the VLSOA. Depending on the manner of 
integration, the optical input 512 and output 514 may not exist as a distinct structure or facet but 
may simply be the boundary between the VLSOA 500 and other optical elements. Furthermore, 
although this disclosure discusses the VLSOA 500 primarily as a single device, the teachings 
herein apply equally to arrays of devices. 

[0039] VLSOA 500 is a layered structure, allowing the VLSOA 500 to be fabricated using 
standard semiconductor fabrication techniques, preferably including organo-metallic vapor phase 
epitaxy (OMVPE) or organometallic chemical vapor deposition (OMCVD). Other common 
fabrication techniques include molecular beam epitaxy (MBE), liquid phase epitaxy (LPE), 
photolithography, e-beam evaporation, sputter deposition, wet and dry etching, wafer bonding, 
ion implantation, wet oxidation, and rapid thermal annealing, among others. 

[0040] The optical signal amplified by the VLSOA 500 is confined in the vertical direction 
by index differences between bottom cladding 505, active region 504, and top cladding 507, and 
to a lesser extent by index differences between the substrate 502, bottom mirror 508, 
confinement layer 519, and top mirror 506. Specifically, active region 504 has the higher index 
and therefore acts as a waveguide core with respect to cladding layers 505,507. The optical 
signal is confined in the transverse direction by index differences between the confinement 
structure 509 and the resulting aperture 515. Specifically, aperture 515 has a higher index of 
refraction than confinement structure 509. As a result, the mode of the optical signal to be 
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amplified is generally concentrated in dashed region 521. The amplifying path 530 is through 
the active region 504 in the direction in/out of the plane of the paper with respect to FIG. 3B. 

[0041] The choice of materials system will depend in part on the wavelength of the optical 
signal to be amplified, which in turn will depend on the application. Wavelengths in the 
approximately 1 .3-1.7 micron region are currently preferred for telecommunications 
applications, due to the spectral properties of optical fibers. The approximately 1.28-1.35 micron 
region is currently also preferred for data communications over single mode fiber, with the 
approximately 0.8-1.1 micron region being an alternate wavelength region. The term "optical" is 
meant to include all of these wavelength regions. In one embodiment, the VLSOA 500 is 
optimized for the 1.55 micron window. 

[0042] In one embodiment, the active region 504 includes a multiple quantum well (MQW) 
active region. MQW structures include several quantum wells and quantum wells have the 
advantage of enabling the formation of lasers with relatively low threshold currents. In alternate 
embodiments, the active region 504 may instead be based on a single quantum well or a double- 
heterostructure active region. The active region 504 may be based on various materials systems, 
including for example InAlGaAs on InP substrates, InAlGaAs on GaAs, InGaAsP on InP, 
GalnNAs on GaAs, InGaAs on ternary substrates, and GaAsSb on GaAs. Nitride material 
systems are also suitable. The materials for bottom and top cladding layers 505 and 507 will 
depend in part on the composition of active region 504. 

[0043] Examples of top and bottom mirrors 506 and 508 include Bragg reflectors and non- 
Bragg reflectors such as metallic mirrors. Bottom mirror 508 in FIG. 3 is shown as a Bragg 
reflector. Top mirror 506 is depicted as a hybrid mirror, consisting of a Bragg reflector 517 
followed by a metallic mirror 513. Bragg reflectors may be fabricated using various materials 
systems, including for example, alternating layers of GaAs and AlAs, Si0 2 and Ti0 2 , InAlGaAs 
and InAlAs, InGaAsP and InP, AlGaAsSb and AlAsSb or GaAs and AlGaAs. Gold is one 
material suitable for metallic mirrors. The electrical contacts 510, 51 1 are metals that form an 
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ohmic contact with the semiconductor material Commonly used metals include titanium, 
platinum, nickel, germanium, gold, palladium, and aluminum. 

[0044] In this embodiment, the laser cavity is electrically pumped by injecting a pump 
current via the electrical contacts 510, 511 into the active region 504. In particular, contact 510 
is a p-type contact to inject holes into active region 504, and contact 5 1 1 is an n-type contact to 
inject electrons into active region 504. Contact 510 is located above the semiconductor structure 
(i.e., above confinement layer 519 and the semiconductor part of Bragg reflector 517, if any) and 
below the dielectric part of Bragg reflector 517, if any. For simplicity, in FIG. 3, contact 510 is 
shown located between the confinement layer 519 and Bragg reflector 517, which would be the 
case if Bragg reflector 517 were entirely dielectric. VLSOA 500 may have a number of isolated 
electrical contacts 510 to allow for independent pumping within the amplifier. This is 
advantageous because VLSOA 500 is long in the longitudinal direction and independent 
pumping allows, for example, different voltages to be maintained at different points along the 
VLSOA. Alternately, the contacts 510 may be doped to have a finite resistance or may be 
separated by finite resistances, rather than electrically isolated. 

[0045] Confinement structure 509 is formed by wet oxidizing the confinement layer 519. 
The confinement structure 509 has a lower index of refraction than aperture 515. Hence, the 
effective cross-sectional size of laser cavity 540 is determined in part by aperture 515. In other 
words, the confinement structure 509 provides lateral confinement of the optical mode of laser 
cavity 540. In this embodiment, the confinement structure 509 also has a lower conductivity 
than aperture 515. Thus, pump current injected through electrical contact 510 will be channeled 
through aperture 515, increasing the spatial overlap with optical signal 521. In other words, the 
confinement structure 509 also provides electrical confinement of the pump current. Other 
confinement techniques may also be used, including those based on ion implantation, impurity 
induced disordering, ridge waveguides, buried tunnel junctions, and buried heterostructures. 
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[0046] FIGS. 4-6 are block diagrams of example integrated optical transmitters (or portions 
of optical transmitters). The devices shown are simplified for clarity. The invention is not 
limited to these specific structures. 

[0047] FIG. 4 is a simplified longitudinal cross sectional view of an integrated optical 
transmitter 400 which includes a VLSOA 500 coupled to EAM 420 and a DBR laser source 410. 
Many designs for VLSOA 500, EAM 420 and DBR laser 410 are appropriate, but in the 
following description, VLSOA 500 is assumed to follow the design of FIG. 3B and EAM 420 
and DBR laser 410 are assumed to be similarly constructed. 

[0048] As illustrated in FIG. 4, the layers of VLSOA 500 continue into EAM 420 and DBR 
laser 410. In particular, substrate 402 transitions into substrate 602 which transitions into 

Q substrate 502, bottom mirror 408 transitions into bottom mirror 608 which transitions into 

□ 

p bottom mirror 508, bottom cladding layer 405 transitions into bottom cladding layer 605 which 

SI 

i-A transitions into bottom cladding layer 505, active region 404 transitions into active region 604 

3 in; 

gjj which transitions into active region 504, top cladding layer 407 transitions into top cladding 

j\ layer 607 which transitions into top cladding layer 507, and confinement structure 409 transitions 

into confinement structure 609 which transitions into confinement structure 509. In addition, 
Wj VLSOA 500 has a top mirror 506 and a metal contact 513 above top cladding layer 507. By 
H contrast, EAM 420 and DBR laser 410 have metal contacts 613 and 413 above top cladding 

layers 607 and 407, respectively. Electrical isolation (in this example, isolation etches 421 and 
621 which extend partway into the top cladding layer 407-607-507) is used to provide electrical 
isolation (or at least an increased resistance) between DBR laser 410, EAM 420 and VLSOA 
500. 

[0049] Some of these layers transition from one element to the next because they perform 
analogous functions from element to element. The bottom cladding layers 405-605-505, active 
regions 404-604-504, and top cladding layers 407-607-507 are examples of this. Other layers are 
present in multiple elements because it is convenient from a fabrication standpoint. For example, 
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bottom mirrors 408 and 608 are not required for DBR laser 410 or EAM 420 but are present 
because it is simpler to fabricate them than to not fabricate them. 

[0050] In one embodiment, substrates 502, 602 and 402, bottom cladding layers 505, 605 
and 405, top cladding layers 507, 607 and 407, and confinement structures 509, 609 and 409 are 
identical. However, the active regions, 504, 604 and 404 are different as will typically be the 
case. Active region 404 of laser 410 is designed to produce an optical carrier. Active region 604 
of EAM 420 is designed to absorb the optical carrier as it propagates through the EAM 420, the 
amount of absorption depending on the voltage applied to the EAM 420. By varying the applied 
voltage, the amount of absorption can also be varied, thus resulting in modulation of the optical 
carrier. Active region 504 is designed to support the amplification function of VLSOA 500. 
Active regions 504, 604 and 404 are aligned in order to reduce the optical reflection at the 
interfaces of the optical elements and also to increase the coupling efficiency between the optical 
elements. 

[0051] In one embodiment, the active regions 404, 604 and 504 are fabricated by starting 
with a common structure for the three elements and then changing the "transition energy" for the 
different elements to achieve the desired properties. The term "transition energy" is used to 
mean the change in energy for the energy transitions which are relevant to a particular device. In 
many devices, the transition energy is determined by the bandgap energy of the bulk materials of 
the device. However, the transition energy can also be affected by other parameters as well. For 
example, in quantum wells, the quantum confinement energy also affects the transition energy. 
As a result, changing the width of quantum wells without changing the bulk material 
composition can result in changes in the transition energy. Quantum wells also have the property 
that their transition energy can be reduced by applying a voltage. Semiconductor structures are 
transparent, meaning that they have much lower absorptions, for light with photon energies 
which are less than the transition energy for the structure. Transparent structures are important 
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in devices such as waveguides, which simply pass an optical signal without absorbing any of the 
optical signal. 

[0052] In one embodiment of EAM 420, active region 604 is a multiple quantum well 
active region designed so that the transition energy is less than the photon energies of the optical 
signal when a certain voltage is applied, is more than the photon energies of the optical signal 
when no voltage is applied, and varies in between for intermediate voltages. This is 
accomplished by altering the material composition and quantum well thickness of active region 
604. When voltage is applied, the transition energy of active region 604 is less than the photon 
energies of the optical signal and active region 604 will absorb the optical signal as it propagates 
through active region 604. When no voltage is applied, the transition energy of active region 604 
\a is more than the photon energies of the optical signal and active region 604 will pass the optical 
Q signal without affecting the optical signal. In this way, on-off keying can be implemented. By 
%4 varying the voltage applied to EAM 420, data is impressed onto the optical signal. 

3 - jj 

|J [0053] By contrast, the active region 504 of VLSOA 500 is designed so that the transition 

!\ energy is similar to the transition energy of active region 404 of laser 410. This results in 

Pf ■ amplification of the optical signal as it propagates through the active region 504 of VLSOA 500. 

CI [0054] As illustrated in FIG. 4, gratings 425 and 435 are etched below the active region 
404. These gratings define the laser cavity and set the optical carrier wavelength for DBR laser 
410. In a DFB laser, gratings 425 and 435 would be adjacent to each other. In an alternate 
embodiment, the gratings 425 and 435 are located above the active region. In another 
embodiment, laser 410 has multiple gain and grating sections with separate electrical contacts 
designed to allow tuning of the optical carrier wavelength. In one approach, the gratings 425 and 
435 are formed by removing the wafer from the MOCVD during growth of bottom cladding 
layers 405-605-505, wet etching the grating patterns 425 and 435, and then returning the wafer to 
the MOCVD to complete deposition of the remaining layers. 
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[0055] FIG. 5 illustrates another embodiment of the invention. This embodiment illustrates 
an improved external modulator including EAM 420 integrated with VLSOA 500. This 
embodiment is similar to the embodiment illustrated in FIG. 4, but without the DBR laser 410. 
As mentioned above, EAMs normally have a high loss associated with them. By integrating a 
VLSOA 500 with EAM 420, VLSOA 500 makes up for the loss introduced by the EAM 420 by 
amplifying the optical signal when it leaves EAM 420. This results in an integrated external 
modulator that introduces little or no loss in the optical signal as it is modulated. In an alternate 
embodiment, VLSOAs are integrated both before and after the EAM. 

[0056] FIG. 6 illustrates another embodiment of the invention. The improved laser source 
700 in this embodiment comprises DBR laser source 410 integrated with VLSOA 500. This 
H- embodiment is also similar to FIG. 4, but without the EAM 420. This embodiment provides an 
p optical source that produces a high power optical signal. In addition, active region 504 and 

%4 active region 404 are aligned during the fabrication process to reduce the optical reflection at the 

ui 

Hi interface of VLSOA 500 and DBR laser source 410. 

j\ [0057] In an alternate embodiment, the laser source 41 0 is replaced with a directly 

| f modulated laser source. This eliminates the need for an external modulator and results in a high 
power laser source that is directly modulated by varying the current applied to laser source 410. 

0 

Mb 

[0058] The integration of VLSOAs with other optical elements may be implemented using 
any number of techniques, including those described above. For example, see also FIGS. 7-12 
and the accompanying text of U.S. Patent Application Serial No. xx/xxxxxx , "Integrated Optical 
Device Including a Vertical Lasing Semiconductor Optical Amplifier," by Jeffrey D. Walker et 
al, filed Dec. 11, 2001, which is incorporated herein by reference. In one approach, both the 
VLSOA and the other optical element are formed using a common fabrication process on a 
common substrate, but with at least one parameter varying between the VLSOA and the optical 
element. For example, selective area epitaxy (SAE) and impurity induced disordering (IID) are 
two fabrication processes which may be used in this manner. 
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[0059] In one approach based on SAE, a nitride or oxide SAE mask is placed over selected 
areas of the substrate. Material is deposited on the masked substrate. The SAE mask results in a 
difference between the transition energy (e.g., the bandgap energy) of the material deposited on a 
first unmasked area of the substrate and the transition energy of the material deposited on a 
second unmasked area of the substrate. For example, the material deposited on the first 
unmasked area might form part of the active region of the VLSOA and the material deposited on 
the second unmasked area might form part of the active region of another optical element, with 
the difference in transition energy accounting for the different optical properties of the VLSOA 
active region and the active region of the other optical element. SAE is particularly 
advantageous because it results in a smooth interface between optical elements and therefore 
reduces optical scattering at this interface. This in turn, reduces both parasitic lasing modes and 
O gain ripple. Furthermore, the SAE approach can be confined to only the minimum number of 

o 

M; layers necessary, thus minimizing the impact on the rest of the integrated optical device. 

NJ 

yi [0060] In one specific example based on SAE, the structure of FIG. 4 is fabricated as 

follows. First, the bottom mirror 408-608-508 and part of the bottom cladding 405-605-505 are 
Z grown by MOCVD on a common InP substrate 402-602-502. The gratings 425 and 435 are 

5 S 

H formed by removing the wafer from the MOCVD, and wet etching the grating patterns. A Si02 
y S SAE mask is patterned on the surface of the wafer adjacent to the laser 410 and VLSOA 500 
active region areas 404 and 504 prior to continuing MOCVD growth of the active region 404- 
604-504 and top cladding layers 407-607-507. During deposition of the active region material, 
this SAE mask creates a lower transition energy active region for laser 410 and VLSOA 500, and 
a higher transition energy active region for modulator 420. The mask is removed and the 
remaining layers are fabricated. 

[0061] In a different approach based on IID, an IID mask is placed over selected areas of 
the substrate. The masked substrate is bombarded with impurities, such as silicon or zinc, and 
subsequently annealed to cause disordering and intermixing of the materials in the bombarded 



2 1 1 53/05929/DOCS/t 1 84643 6 



region. The IID mask results in a difference between the transition energy of the material 
underlying a masked area of the substrate and the transition energy of the material underlying an 
unmasked area of the substrate. Continuing the previous example, the masked area might form 
part of the VLSOA active region and the unmasked area might form part of the active region of 
another optical element, with the difference in transition energy again accounting for the 
different optical properties. 

[0062] In the previous SAE and IID examples, the difference in transition energy results in 
different optical properties between the VLSOA active region and the active region of another 
optical element. Engineering the transition energy may also be used to fabricate many other 
types of integrated optical devices. For example, changing the transition energy between two 
VLSOAs can be used to optimize each VLSOA for a different wavelength region. In this way, 
the transition energy in a VLSOA could be graded in a controlled way to broaden, flatten, and 
shape the gain profile. Alternately, two different elements, such as a VLSOA and a laser source 
might require different transition energies for optimal performance. Other embodiments will be 
apparent to one skilled in the art. 

[0063] In a different approach, the VLSOA and the optical element are formed on a 
common substrate but using different fabrication processes. In one example, a VLSOA is 
formed on the common substrate in part by depositing a first set of materials on the substrate. 
Next, the deposited material is removed from selected areas of the substrate, for example by an 
etching process. A second set of materials is deposited in the selected areas to form in part the 
optical element. Etch and fill is one process which follows this approach. As an example, 
suppose that a VLSOA and a modulator are being integrated onto a common substrate. Materials 
are deposited to form the VLSOA (or at least a portion of the VLSOA). In the areas where the 
modulator is to be located, these materials are removed and additional materials are deposited to 
form the modulator (or at least a portion of it). 
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[0064] In yet another approach, the VLSOA and the optical element are formed on separate 
substrates by separate fabrication processes and then integrated onto a common substrate. Planar 
lightwave circuitry and silicon optical bench are two examples of processes following this 
approach. In one example, the VLSOA is formed on a first substrate. The optical element is 
formed on a second substrate. The VLSOA and the optical element are then integrated onto a 
common substrate, which could be the first substrate, the second substrate or a completely 
different substrate. 

[0065] FIGS. 1-6 are merely examples according to the present invention. Other types of 
optical transmitters or portions of optical transmitters which take advantage of some or all of the 
VLSOA' s advantages, including small size, possibility of integration, linear amplification, and 
good crosstalk performance (both intersymbol and inter channel), will be apparent to one skilled 
in the art. For example, VLSOAs, modulators and optical sources with structures other than 
those shown above may be utilized. In addition, device architectures other than those shown in 
FIGS. 1-2 can also be realized. In addition, although the above discussion has centered on 
EAMs and DFB/DBR lasers, many other types of optical sources and modulators can be used. 
Also, additional optical elements, including optical filters, other types of optical amplifiers, 
optical detectors, optical taps, and optical splitters and combiners, can also be included. 

[0066] As a final example, the VLSOAs may have adjustable gain, either open loop or 
based on feedback. Examples of VLSOAs with adjustable gain and corresponding control 
techniques are described further in the following pending patent applications, which are 
incorporated herein by reference in their entirety: U.S. Patent Application Serial No. 
09/273,813, "Tunable-Gain Lasing Semiconductor Optical Amplifier," filed March 22, 1999, by 
Jeffrey D. Walker et al.; U.S. Patent Application Serial No. 09/299,824, "Optical Signal Power 
Monitor and Regulator," filed April 26, 1999, by Sol P. Dijaili and Jeffrey D. Walker; and U.S. 
Patent Application Serial No. 09/967,859, "Multistage Tunable Gain Optical Amplifier," filed 
Sept. 28, 2001, by Sol P. Dijaili and John M. Wachsman. 
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